The presence of both pro-opiomelanocortin-derived peptides and melanocortin (MC) receptors in nociception-associated areas in the spinal cord suggests that, at the spinal level, the MC system might be involved in nociceptive transmission. In the present study, we demonstrate that a chronic constriction injury (CCI) to the rat sciatic nerve, a lesion that produces neuropathic pain, results in changes in the spinal cord MC system, as shown by an increased binding of 125 I-NDP-MSH to the dorsal horn. Furthermore, we investigated whether intrathecal administration (in the cisterna magna) of selective MC receptor ligands can affect the mechanical and cold allodynia associated with the CCI. Mechanical and cold allodynia were assessed by measuring withdrawal responses of the affected limb to von Frey filaments and withdrawal latencies upon immersion in a 4.5°C water bath, respectively. We show that treatment with the MC receptor antagonist SHU9119 has a profound anti-allodynic effect, suggesting that the endogenous MC system has a tonic effect on nociception. In contrast, administration of the MC4 receptor agonists MTII and D-Tyr-MTII primarily increases the sensitivity to mechanical and cold stimulation. No antinociceptive action was observed after administration of the selective MC3 receptor agonist Nle-␥-MSH. Together, our data suggest that the spinal cord MC system is involved in neuropathic pain and that the effects of MC receptor ligands on the responses to painful stimuli are exerted through the MC4 receptor. In conclusion, antagonism of the spinal melanocortin system might provide a new approach in the treatment of neuropathic pain.
In humans, damage to the nervous system (a peripheral nerve, dorsal root ganglion, dorsal root, or the CNS) can lead to a pain state referred to as neuropathic pain. This syndrome is characterized by spontaneous pain in combination with allodynia (pain evoked by normally nonpainful stimuli) and hyperalgesia (an increased response to painful stimuli). In current clinical practice, several drugs are used to control neuropathic pain, including tricyclic antidepressants (for review, see Ollat and Cesaro, 1995; Kingery, 1997) , anticonvulsants (Rosenberg et al., 1997) , systemic administration of local anesthetics (Glazer and Portenoy, 1991; Rowbotham et al., 1991) , and NMDA receptor antagonists (Backonja et al., 1994; Felsby et al., 1996) . Despite this wide range of drugs, the treatment of neuropathic pain is often unsatisfactory and limited by the occurrence of adverse side effects.
Over the past decade, a number of animal models of neuropathic pain have become available, producing symptoms that closely resemble those observed in human neuropathic pain. Research using these preclinical models has yielded an array of potential new analgesics, including different enzyme inhibitors, ion channel blockers, and ligands for various receptors (for review, see Chizh et al., 1999; Yaksh, 1999) . Another potential target in the control of pain that has received very little attention is the melanocortin (MC) system. It has been reported previously that central administration of the melanocortins adrenocorticotropic hormone (ACTH) and ␣-melanocyte stimulating hormone (␣-MSH) cause hyperalgesia in various pain tests (Bertolini et al., 1979; Sandman and Kastin, 1981; Williams et al., 1986) . Furthermore, these peptides have also been shown to antagonize the analgesic effects of morphine and ␤-endorphin (Gispen et al., 1976; Wiegant et al., 1977; Smock and Fields, 1981) . The mechanisms through which these effects were exerted, however, remained unclear because no receptors for these peptides were identified. Only in recent years, five MC receptors (MC-Rs) subtypes have been identified (for review, see Cone et al., 1996; Tatro, 1996) , of which the MC3 and MC4 receptors are expressed in the nervous system. Compared with the MC3 receptor, the MC4 receptor has a much more widespread distribution throughout the brain. Moreover, it is the only subtype of which expression has been demonstrated in the spinal cord (Mountjoy et al., 1994) . Binding of 125 I-NDP-MSH, a synthetic ␣-MSH analog, to rat spinal cord demonstrated that the most abundant MC receptor expression is present in the superficial dorsal horn (lamina I and II) and in the gray matter surrounding the central canal (lamina X), areas that are important in nociceptive transmission (van der Kraan et al., 1999) . Furthermore, proopiomelanocortin (POMC) mRNA was also demonstrated in spinal cord (van der Kraan et al., 1999) , and immunoreactivity for the POMC-derived peptides ␤-endorphin, ACTH, and ␣-MSH has been described in the dorsal horn and lamina X (Tsou et al., 1986; Plantinga et al., 1992) . Together, these findings suggest the presence of a functional MC system in the rat spinal cord. Considering the localization of 125 I-NDP-MSH binding in nociceptionassociated areas in the spinal cord and the fact that the MC4 receptor is the only MC receptor subtype for which mRNA has been detected in the spinal cord, the spinal MC4 receptor might be a potential target in the ongoing search for new analgesics.
As recently selective ligands for the MC receptors became available, it is now possible to study a putative role for the MC4 receptor in the control of neuropathic pain. The aim of the present study was to investigate whether changes in the spinal cord MC system play a role in neuropathic pain. Therefore, in situ binding of 125 I-NDP-MSH to rat lumbar spinal cord sections was quantified. The chronic constriction injury (CCI) (Bennett and Xie, 1988) was chosen because of its wide acceptance as a reliable and reproducible model for neuropathic pain. In addition, we investigated whether selective MC receptor ligands can alter the response of control and mononeuropathic rats to painful stimuli.
We demonstrate that a CCI results in an increase in 125 I-NDP-MSH binding to the spinal cord, suggesting an increase in MC receptor levels. We also show that, in CCI rats, intrathecal administration of the MC receptor antagonist SHU9119 induced a decreased sensitivity to cold and mechanical stimulation, whereas the strong MC receptor agonist MTII or the more selective MC4 receptor agonist D-T yr MTII had the opposite effect. In contrast, in control rats, these ligands had no effect on sensitivity. Furthermore, we show that treatment with the selective MC3-R agonist Nle-␥-MSH had no effect on sensitivity. (Buberdorf, Switzerland) , and SHU9119, Nle-␥-MSH, and D-T yr-MTII were synthesized using g-fluorenyl methoxycarbonyl solid phase synthesis as reported previously (Schaaper et al., 1998) . Peptides were purified using reverse-phase preparative HPLC to a purity of Ϯ90%, estimated after analysis by analytical HPLC at 215 nm. Molecular weight was confirmed by mass spectrometry performed on a Micromass Quattro single quadrupole. Potencies and affinities of these four peptides for the rat MC3 and MC4 receptor are shown in Table 1 .
MATERIALS AND METHODS Peptides
For in situ melanocortin binding to spinal cord cryosections, 125 I-N DP-MSH was used. N DP-MSH (Melanotan-I or [Nle 4 , D-Phe 7 ]␣-MSH) was purchased from Bachem Feinchemicalien and iodinated using bovine lacto-peroxidase (C albiochem, L ucerne, Switzerland) and 125 I-Na (IC N Biochemicals, Costa Mesa, CA) as described previously (Huang et al., 1997) , followed by HPLC purification on a C18 column (Bondapak 3.9 ϫ 300 mm; Waters, Milford, M A).
Animals
Fifty-nine male Wistar rats weighing 200 -240 gm at the start of the study were used. Animals were housed in groups of two to three in plastic cages on a sawdust bedding. They were kept at a 12 hr light /dark cycle, with food and water available ad libitum. All testing procedures in this study were performed according to the Ethical Guidelines of the International Association for the Study of Pain (Z immermann, 1983 ) and were approved of by the Ethics Committee on Animal E xperiments of the Utrecht University.
Surgery
Animals were anesthetized with a single subcutaneous injection of Hypnorm (Janssen Pharmaceutical L td., Grove, Oxford, UK) containing 0.315 mg /ml fentanyl citrate and 10 mg /ml fluanisone, at a dose of 0.3 ml / kg body weight.
In 33 animals, the right sciatic nerve was exposed at midthigh level by blunt dissection, and a CCI was made by placing four loose ligatures of 4-0 chromic catgut (Ethicon, Norderstedt, Germany) around the nerve, as described previously by Bennett and X ie (1988) . In four animals, the same procedure was performed except for placement of the ligatures (sham surgery). After this, the incision was closed with silk sutures, and the animals were allowed to recover. The remaining 22 animals only received a cisterna magna cannula (control animals).
Placement of the cannulas was performed 2 weeks after the sham or CCI lesion. Rats were again anesthetized and placed in a stereotactic frame. The skull was exposed by a midline incision. A steel cisterna magna cannula was inserted through a burr hole just before the squama occipitalis, and two small screws were placed lateral to the midline for extra fixation. C annula and screws were fastened with dental acrylic. The animals were allowed a 4 d recovery period before testing was initiated.
In situ 125 I-NDP-MSH binding to spinal cord
Seven animals that remained naive to treatment (four sham and three CCI animals) were used for in situ 125 I-N DP-MSH binding. T issue preparation. Four weeks after placement of the ligatures or sham surgery, the rats were killed by decapitation. The lumbar spinal cord was rapidly removed and frozen by submersion in 2-methyl-butane (Fluka Chemika, Buchs, Switzerland) on dry ice. Spinal cords were stored at Ϫ80°C until f urther processing. From lumbar segments L4 -L6, cryostat sections (16 m) were prepared and mounted on gelatin-coated slides (two sections from each segment per slide).
In situ binding assay. From each animal, one slide was incubated with 125 I-N DP-MSH as described previously (Tatro, 1993) . In short, the sections were prewashed, incubated with 125 I-N DP-MSH (10 6 cpm /ml) in binding buffer for 1 hr, washed six times to stop binding reactions, and rapid air dried. A second slide from each animal was incubated with 125 I-N DP-MSH in the presence of 3 M non-iodinated N DP-MSH to determine the specificity of tracer binding. All binding assays were done on the same day, in one experimental session.
To visualize the neuroanatomy more clearly, an adjacent section was Nissl stained (Fig. 1 A) .
Autoradiography and anal ysis. Autoradiography was performed by exposing an x-ray film (BioMax MR; Eastman Kodak, Rochester, N Y) directly to the slides for 1 week. All slides were run on the same, single film, with CCI and sham samples randomly divided over the film. Autoradiograms were digitized and quantitatively analyzed using the MCI D Adan et al., 1999) .
(Microcomputer Imaging Device; Imaging Research Inc., St. C atharines, Ontario, C anada). For each section, binding was measured in three anatomic regions, using a sampling template as depicted in Figure 1 B. Within each region, three or four samples were measured, and the mean value was calculated. Specific binding was calculated by subtraction of the mean background value, determined within the dorsal white matter column of the same section. Absorbance values were converted into counts per minute using a linear calibration curve.
Drug administration
Thirty CCI and 22 control animals were used to study the effects of the different peptides on nociception. Peptides were dissolved in 10 l of saline and injected through the cisterna magna cannula by means of a Hamilton syringe.
On each testing day, CCI rats were randomly divided into three groups (n ϭ 10 each), each group randomly and blindly receiving one of the following doses: vehicle, SHU9119, 0.15, 0.5, or 1.5 g (0.140, 0.466, or 1.40 nmol, respectively); MTII, 15, 30, 100, or 500 ng (14.6, 29.2, 97.6, or 488.2 pmol, respectively); D-T yr-MTII, 0.3, 1.0, or 3.0 g (0.289, 0.962, or 2.885 nmol, respectively); Nle-␥-MSH, 5 g (3.22 nmol) or a combination of 15 ng of MTII and 0.5 g of SHU9119. Thus, in total, 13 groups of 10 CCI animals were tested.
Similarly, on each testing day, control rats were randomly divided in two groups (n ϭ 11 each), each group randomly and blindly receiving one of the following doses: vehicle, 1.5 g of SHU9119, 500 ng of MTII, or 3 g of D-T yr-MTII (corresponding to the highest doses tested in CCI animals). Thus, in total, four groups of 11 control animals were tested.
Using this experimental setup, animals received only a single injection with a single dose on each testing day. The study was continued until all doses of all drugs were tested. Animals were given at least 2 d rest between drug injections to minimize any possibility of drug interactions or development of tolerance.
Testing procedures
Temperature stimulation test. Withdrawal latency to a temperature stimulus was measured by immersing the right (experimental) hind paw into a 4.5 or 47.5°C water bath. Upon immersion of the paw, an electronic circuit including a timer was closed. Withdrawal of the paw resulted in a discontinuation of the circuit, which stopped the timer, thus allowing a precise registration of the withdrawal latency time. Cutoff time for both temperatures was set at 10 sec to avoid skin damage.
Mechanical stimulation test. Foot withdrawal threshold in response to a mechanical stimulus was determined using a series of von Frey filaments (Stoelting, Wood Dale, IL), ranging from 1.08 to 21.09 gm. Animals were placed in a plastic cage with a metal mesh floor, allowing them to move freely. They were allowed to acclimatize to this environment before the experiment. The filaments were presented to the midplantar surface as described by Chaplan et al. (1994) , starting with the smallest filament. Each probe was applied to the foot until it just bent, and the smallest filament eliciting a foot withdrawal response was considered the threshold stimulus.
For both mechanical and temperature stimulation tests, baseline values were determined, and measurements were repeated 15, 30, and 60 min after drug or vehicle administration.
Grooming assay
In eight CCI animals, a grooming assay was performed as described by Gispen et al. (1975) . In short, animals were placed in a plastic observation cage immediately after injection of 500 ng of MTII (n ϭ 4) or saline (n ϭ 4) through the cisterna magna cannula. Starting 10 min after injection, grooming (face washing, genital grooming, body licking and grooming, and scratching and paw licking) was scored every 15 sec. Observation was stopped 50 min after injection.
Data analysis
All data are expressed as mean Ϯ SEM for visualization purposes only.
For in situ 125 I-NDP-MSH binding to spinal cord, the overall mean of levels L4 -L6 and one to two sections per rat (thus rendering one data point per anatomic region per rat) were used to calculate group means and SEM. Differences between sham and CCI groups were analyzed using an independent Student's t test.
For the temperature stimulation test, the difference between baseline and postinjection withdrawal latency was calculated for each animal at each time point.
To obtain a linear scale of perceived intensity in the mechanical stimulation test, the logarithm of the withdrawal thresholds was plotted. As for the temperature stimulation test, differences between post-treatment and pretreatment withdrawal thresholds were calculated.
For mechanical and temperature stimulation, differences in baseline values between control and CCI groups and differences between drug treatment groups were analyzed using the Kruskall -Wallis test because of the nonparametric nature of the data. When appropriate, post hoc analysis was performed using the Mann -Whitney U test, comparing each treatment dose with vehicle and for each treatment comparing the highest dose with the intermediate and lowest dose, respectively. A Bonferroni correction was performed.
Where possible, dose -response curves were generated. Therefore, postinjection values were expressed as a percentage of baseline value. Mean Ϯ SEM of these percentages were plotted against the administered dose. Dose -response curves are reported for the time of peak effect (30 min after injection for MTII and D-T yr-MTII, and 15 min after injection for SHU9119).
Differences in grooming scores were analyzed using an independent Student's t test. For all tests, a probability level of p Յ 0.05 was the criterion for a significant difference.
RESULTS

In situ 125 I-NDP-MSH binding to spinal cord
Specificity of the 125 I-NDP-MSH binding is indicated by its inhibition in the presence of 3 M NDP-MSH, which reduced binding to background level (Fig. 1C,D) .
As demonstrated previously (van der Kraan et al., 1999) , specific 125 I-NDP-MSH binding was highest in the superficial dorsal horn (corresponding to lamina I-II) and lamina X. In CCI animals, binding in lamina I-II on both the ipsilateral and contralateral sides was significantly increased compared with sham animals (125.5 and 118.7% of sham values, respectively). In contrast, binding to lamina X did not differ between groups (Fig. 2) .
Baseline values for temperature and mechanical stimulation
In control animals, the mean baseline mechanical withdrawal threshold for all four groups at all time points was 21.09 Ϯ 0 gm (mean Ϯ SEM). In CCI animals, the overall mean baseline was significantly lower (5.32 Ϯ 0.21 gm, ranging from 4.83 Ϯ 0.50 to 6.67 Ϯ 1.06 gm for the 13 different randomized groups), thus indicating a mechanical allodynia.
At 4.5°C, overall mean baseline withdrawal latency in control animals was 9.86 Ϯ 0.06 sec (ranging from 9.75 Ϯ 0.19 to 10 Ϯ 0 sec). In CCI animals, mean baseline withdrawal latency was significantly lower (6.05 Ϯ 0.35 sec, ranging from 3.47 Ϯ 0.41 to 7.36 Ϯ 1.07 sec), thus demonstrating a cold allodynia.
At 47.5°C, overall mean baseline withdrawal latency in control animals was 4.52 Ϯ 0.22 sec (ranging from 3.57 Ϯ 0.26 to 5.47 Ϯ 0.45 sec). This value was not significantly different from that in CCI animals (4.66 Ϯ 0.22 sec, ranging from 3.47 Ϯ 0.41 to 6.98 Ϯ 1.26 sec). These data are shown in Figure 3 .
Although baseline values could differ between randomized groups, there was no correlation between these values and administration of either an agonist or antagonist, nor were baseline values consistently changed by previous administration of either an agonist or antagonist (data not shown). 125 I-NDP-MSH binding levels in different anatomic regions in rat lumbar spinal cord (L4 -L6) cryostat sections. Spinal cords were collected 4 weeks after CCI or sham surgery. Regions were analyzed by sampling the corresponding region of an x-ray film autoradiogram, using a template as depicted in Figure 1 A. Values were converted to counts per minute using a linear calibration curve. Specific binding within each region was determined by subtracting the mean background value obtained from the dorsal white matter from the same section. For each region, the overall mean of levels L4 -L6 from one or two sections was calculated per rat. Data are represented as mean Ϯ SEM of four (sham) or three (CCI) rats. *p Ͻ 0.05 versus sham.
Vehicle injection
An injection of 10 l of saline through the cisterna magna cannula had no effect on the responses to any of the tests performed, in neither CCI rats nor control rats.
Administration of SHU9119
In CCI rats, treatment with SHU9119 (0.15, 0.5, and 1.5 g) produced a tactile anti-allodynic effect, as shown by a dosedependent increase in withdrawal thresholds to von Frey stimulation (Fig. 4 A) compared with vehicle treatment. Peak effects were reached 15 min after injection, resulting in a withdrawal threshold of up to 170.5 Ϯ 7.25% of baseline value (mean Ϯ SEM) with 1.5 g of SHU9119 (Fig. 5A) .
As for the mechanical withdrawal thresholds, withdrawal latencies to cold stimulation also increased upon administration of SHU9119 (Fig. 6 A) . The cold anti-allodynic effect of the two lowest doses of SHU9119 showed a dose-dependency as observed for the tactile anti-allodynic effect. However, the highest dose tested (1.5 g) only produced a small increase in withdrawal latencies. This group consisted of only four animals, and baseline withdrawal latencies of two of these four animals were already at cutoff value, leaving no room for a further increase in latency. In the remaining two animals latencies, however, did increase to cutoff value in one case and to 174% of baseline in the other case. Treatment with SHU9119 did not cause any changes in withdrawal latencies at 47.5°C (data not shown).
In control rats, administration of 1.5 g of SHU9119 had no effect on responses to mechanical, cold, or heat stimulation (data not shown).
Administration of MTII and D-Tyr-MTII
In CCI rats, administration of the MC receptor agonist MTII (15, 30, 100, and 500 ng) produced a dose-dependent decrease in withdrawal thresholds to mechanical stimulation (Fig. 4 B) . Thirty minutes after injection, withdrawal thresholds were reduced to 4.64 Ϯ 0.52% of baseline (mean Ϯ SEM) with the highest dose tested (Fig. 5B) .
Similarly as for tactile thresholds, MTII dose-dependently decreased withdrawal latencies at 4.5°C (Fig. 6 B) . The most potent effect was observed with the highest dose tested, which reduced latencies to 9.68 Ϯ 5.07% (mean Ϯ SEM) of baseline value (Fig. 7) . As for SHU9119, treatment with MTII caused no significant changes in withdrawal latency to a heat stimulus.
Administration of the more selective MC4 receptor agonist D-T yr-MTII produced similar results as those observed with MTII, with ϳ10 times higher doses (0.3, 1, and 3 g) resulting in a dose-dependent decrease in withdrawal thresholds to von Frey stimulation (Fig. 4C ) and in withdrawal latencies to cold stimulation (Fig. 6C ). Values were decreased to 14.73 Ϯ 6.04 and 20.04 Ϯ 5.14% (mean Ϯ SEM) of baseline values, respectively (Figs. 5B, 7) . As for MTII, administration of D-T yr-MTII had no effect on withdrawal latencies at 47.5°C.
In control rats, the highest dose of both ligands (500 ng of MTII or 3 g of D-T yr-MTII) did not cause any changes in responses to mechanical, cold, or heat stimulation (data not shown).
Coadministration of MTII and SHU9119
Coadministration of 15 ng of MTII, a dose which by itself had no effect on sensory thresholds (Figs. 4 B, 6B) , and 0.5 g of SHU9119 in CCI rats resulted in a complete inhibition of the cold and mechanical anti-allodynic effect of SHU9119 (data not shown).
Administration of Nle-␥-MSH
In CCI rats, a single, high dose (5 g) of the selective MC3 agonist Nle-␥-MSH was tested. No decreased or increased response was observed to either mechanical or thermal stimulation (data not shown).
In Figure 8 , a summary of the described effects of the different MC receptor ligands is presented.
Grooming behavior
Total grooming scores after injection of saline or 500 ng of MTII into the cisterna magna were 50.67 Ϯ 6.39 and 54.5 Ϯ 14.5, respectively (mean Ϯ SEM). These values were not significantly different (data not shown).
DISCUSSION
In the spinal cord, the expression of the MC4 receptor overlaps with that of the POMC-derived peptides ␣-MSH and ACTH (Tsou et al., 1986; van der Kraan et al., 1999) in nociception-associated areas. Therefore, we hypothesized that, at the spinal level, the MC system is involved in the processing of nociceptive information. Here we show for the first time that changes in the spinal cord MC system occur after a CCI to the rat sciatic nerve, a lesion that causes neuropathic pain. As shown in Figure 2 , in situ binding of the synthetic MC receptor ligand 125 I-NDP-MSH is increased in lumbar (L4 -L6, corresponding with sciatic nerve input) spinal cord sections of CCI rats compared with sham operated animals, suggesting an upregulation of spinal cord MC receptors. It is not likely that these changes are caused by the profound deafferentation associated with a CCI lesion per se (Basbaum et al., 1991; Carlton et al., 1991) , because van der Kraan et al. (1999) have shown that crushing the sciatic nerve, another lesion producing extensive nerve fiber loss, did not lead to significant differences in 125 I-NDP-MSH binding levels compared with sham surgery.
Of the anatomic regions we investigated, which were the regions with the highest intensity of binding, the superficial dorsal horn both ipsilateral and contralateral to the lesion showed this increased binding. Bilateral changes associated with CCI have been described for other systems as well, including opioid binding sites (Stevens et al., 1991) , calcitonin gene-related peptide and substance P immunoreactivity (Kajander and Xu, 1995) , metabolic and nitric oxide synthase activity (Mao et al., 1992) ; (Choi et al., 1996) , and transsynaptic degeneration (Hama et al., 1994) . The contralateral changes might be explained by changes in primary afferents that cross the midline, commissural connections between intrinsic spinal neurons (Sugimoto et al., 1990) , or descending control systems affecting both sides of the spinal cord (Besse et al., 1992) .
The superficial dorsal horn, the area that displayed an increased 125 I-NDP-MSH binding in our experiments, corresponds with the predominant entry zone of cutaneous fine diameter primary afferents of the sciatic nerve. In contrast, the gray matter surrounding the central canal, an area that receives mostly visceral input, showed no differences in binding. These findings suggest that changes in the endogenous MC system in the spinal cord might be involved in the increased pain state associated with the CCI lesion and prompted us to investigate whether tonic activity of the MC system contributed to this increased sensitivity. As shown in Figures 4 -6 , administration of SHU9119, an antagonist at the MC4 receptor, induced a significant anti-allodynic effect in both the cold and mechanical stimulation tests, indicated by an increased withdrawal latency upon immersion in a 4.5°C water bath and a higher threshold to von Frey stimulation, respectively. The observation that administration of an MC receptor antagonist produced hypoalgesia by itself indeed suggests a tonic influence of the MC system on nociceptive transmission. The increase in MC receptor level in the superficial dorsal horn in CCI rats suggests an increased sensitivity for MC receptor agonists in neurons in this area. Treatment with the MC receptor agonist MTII resulted in an opposite effect compared with SHU9119, producing an increased sensitivity to both cold and mechanical stimulation. Similar results were obtained with D-T yr-MTII, an MC receptor agonist that displays a higher affinity for the MC4 receptor compared with the MC3 receptor. Coadministration of MTII and SHU9119 demonstrated the specificity of the antiallodynic effect of SHU9119. Injection of 15 ng of MTII, a dose which by itself caused no significant changes in nociceptive thresholds, completely blocked the anti-allodynic effect of 0.5 g of SHU9119 when administered simultaneously, thereby demonstrating that the effects of these compounds are indeed mediated through the same receptor. Administration of the selective MC3 receptor agonist Nle-␥-MSH had no effect on sensitivity. Because both MTII and D-T yr-MTII altered the responses to cold and von Frey stimulation whereas Nle-␥-MSH had no effect, we suggest that the observed changes in nociception are mediated through the MC4 receptor.
In the present study, we administered MC receptor ligands through a cannula placed in the cisterna magna, directly into the fluid surrounding the spinal cord. Adan et al. (1999) have demonstrated that a dose of 4.5 pmol of MTII is already sufficient to induce grooming when administered intracerebroventricularly. In contrast, we demonstrate that a Ͼ100-fold higher dose (500 ng, ϳ488 pmol) failed to induce grooming when injected into the cisterna magna. We cannot exclude the possibility that a small portion of the drugs administered into the cisterna magna will retrogradely reach the ventricular system and surrounding structures and that these structures play a role in the (anti-)nociceptive effects described here. However, because no grooming was ob- served after injection of a high dose of agonist, we suggest that the effects we observed in the present study are predominantly exerted at the spinal level.
In the dorsal horn, immunoreactivity has been demonstrated for the MC receptor agonists ␣-MSH and ACTH, as well as for the opioid peptide ␤-endorphin (Tsou et al., 1986) , all of which are derived from the POMC peptide. Furthermore, the -and ␦-opioid receptor subtypes, for which ␤-endorphin displays a high affinity, has also been demonstrated in the same area by immunocytochemistry (Chaplan et al., 1994; Zerari et al., 1994) . Therefore, we hypothesize that the observed anti-allodynic effects of SHU9119 might be caused by blockade of a tonic influence of endogenous ␣-MSH on nociception through the MC4 receptor in the spinal cord. This could tip the balance in favor of the anti-nociceptive actions of ␤-endorphin, coreleased with ␣-MSH in the same POMC projection areas, thus producing analgesia.
The exact source of spinal POMC expression is not known; it might be intrinsic to the spinal cord (Plantinga et al., 1992; van der Kraan et al., 1999) but may also originate from a supraspinal source, namely the nucleus tractus solitarius (Tsou et al., 1986) or the hypothalamus (Cechetto and Saper, 1988; Elias et al., 1998) . Elias et al. (1998) have demonstrated that hypothalamic POMCexpressing neurons innervate the interomedial lateral cell column (IML) at a thoracic level in which sympathetic preganglionic cells are located. In this region, MC4-R mRNA is also expressed (Mountjoy and Wild, 1998) .
The melanocortin system is suggested to play a role in the regulation of autonomic function, because centrally administered melanocortins can increase sympathetic nerve activity (Dunbar and Lu, 2000) , possibly through activation of the MC4 receptor (Mountjoy et al., 1994; Mountjoy and Wild, 1998; Dunbar and Lu, 1999) . Although its exact role is still a matter of debate, there are several lines of research indicating that the sympathetic nervous system is involved in neuropathic pain (Price et al., 1989; Kim and Chung, 1991; Shir and Seltzer, 1991; Ringkamp et al., 1999) . One of the potential mechanisms by which sympathetic activity influences nociception is through an increased norepinephrine responsiveness in C fibers, the primary afferents activated by noxious stimuli (for review, see Janig, 1985; Bennett, 1991; Janig et al., 1996) .
In this present study, we only demonstrated changes in the MC system in areas of the spinal cord that correspond to sciatic nerve input. We cannot, however, exclude the possibility that changes also occur at other spinal levels or that the ligands we used act through MC receptors located more rostrally. Thus, an alternative explanation for the observed effects of MC receptor ligands on neuropathic pain might be a change in sympathetic activity, mediated at the level of the IML.
As shown in Figure 3 , baseline values for von Frey and cold stimulation were significantly lower in CCI rats compared with control rats, confirming the development of mechanical and cold allodynia associated with the CCI lesion (Bennett and Xie, 1988; Attal et al., 1990) . However, in contrast to other groups (Bennett and Xie, 1988; Attal et al., 1990; Kupers et al., 1992) , we observe no differences in sensitivity to noxious heat between control rats and CCI rats. The reason for this discrepancy is not clear but may result from genetic variability between various rat strains. As suggested previously, this may lead to differences in predisposition for the development of neuropathic conditions (Wiesenfeld-Hallin et al., 1993) or in sensitivity to noxious stimuli because of variations in endogenous opiate systems or adrenergic sensitivity (Lee et al., 1997; Hoffmann et al., 1998) .
Interestingly, we only observed effects of the MC receptor ligands in CCI rats and only in response to cold and mechanical stimulation. From a clinical point of view, this is promising because, in this study, the effects of melanocortins appear to be specific for the allodynia associated with a neuropathic pain state, without altering normal pain sensation by inducing a more general analgesia. This specificity for the hyperalgesia underlying neuropathic pain without affecting baseline pain detection has also been reported for the ␣2-adrenergic agonist tizanidine (Leiphart et al., 1995) .
In summary, in this present study, we show that intrathecally administered MC receptor ligands alter the sensitivity to cold and mechanical stimulation in a rat model for neuropathic pain, the CCI. Our data suggest that these effects are mediated through the MC4 receptor located in the spinal cord. SHU9119 produces profound anti-allodynia, whereas MTII and D-T yr-MTII increase sensitivity to cold and mechanical sensitivity. We therefore suggest that selective MC4 receptor antagonists may be of value in the treatment of neuropathic pain and that further research into the mechanisms through which the effects of these ligands are exerted is needed. 
